Aperiodicity of speech alters voice quality. The current study investigated the relationship between vowel aperiodicity and human auditory cortical N1m and sustained field ͑SF͒ responses with magnetoencephalography. Behavioral estimates of vocal roughness perception were also collected. Stimulus aperiodicity was experimentally varied by increasing vocal jitter with techniques that model the mechanisms of natural speech production. N1m and SF responses for vowels with high vocal jitter were reduced in amplitude as compared to those elicited by vowels of normal vocal periodicity. Behavioral results indicated that the ratings of vocal roughness increased up to the highest jitter values. Based on these findings, the representation of vocal jitter in the auditory cortex is suggested to be formed on the basis of reduced activity in periodicity-sensitive neural populations.
I. Introduction
A major acoustic characteristic of a healthy human voice is the periodicity of voiced speech sounds such as vowels and sonorants. The periodicity of voiced speech sounds originates from the periodic vibration of the vocal folds in the larynx and distinguishes them from unvoiced speech sounds ͑e.g., fricatives͒ that are produced without vibrating the vocal folds. This natural vibratory pattern of the vocal folds may, however, be disrupted by laryngeal anomalies such as tumor growths. Such conditions are referred to as dysphonia as they involve pathological alterations in the phonation of speech sounds giving rise to voice aperiodicities that can be described with qualities such as vocal roughness. The effects that laryngeal parameters, including vocal fold anomalies, have on speech acoustics ͑e.g., Lieberman, 1963͒ and perceived vocal quality ͑see Kreiman et al., 1993 for a review͒ have been studied extensively. However, the human auditory physiological processes relevant to perception of phonation, especially in the case of dysphonic voice, are poorly understood. The lack of brain research focusing on the processing of these aspects of vocal quality may partly be attributable to the challenges in creating realisticsounding and highly-controlled speech stimuli. This major obstacle has, however, been lifted by advances in acoustic modeling of speech production ͑see Alku et al., 1999͒ which enable the generation of natural, yet fully controllable speech stimuli for the research of speech perception using behavioral and brain measures. Now the task of the auditory physiological research on dysphonic voice perception rests on finding the crucial relationships between the parameters of voice production and the cerebral sensory processes of voice quality perception.
The periodicity of natural voiced speech is not perfect and is referred to as quasi-periodicity. That is, the fundamental frequency ͑F0͒ of voiced speech, which is determined by the period of the glottal flow waveform, varies randomly on a cycle-to-cycle basis. This random perturbation is called vocal jitter, which may be quantified as the average absolute difference between successive periods relative to the fundamental period, and is generally less than 1% for normal voices ͑e.g., Horii, 1979; Muñoz et al., 2003͒ . In pathological voices, this cycle-to-cycle variation in F0 may, however, be unusually large ͑Lieberman, 1963; Iwata and von Leden, 1970; Deal and Emanuel, 1978; Murry and Doherty, 1980͒ and, for example, over ten-fold perturbation magnitudes have been reported for pathologic versus normal voices ͑Murry and Doherty, 1980͒.
Perceptually, increased jitter is linked to the quality of vocal roughness often associated with a sore or dry throat. Hillenbrand ͑1988͒ presented listeners with synthetic speech sounds with varying percentages of vocal jitter. The synthetic stimuli enabled an investigation of the perception of vocal jitter free from the confounding effects of other sources of aperiodicity, such as shimmer and additive noise which naturally co-occur in dysphonic voices. The results showed a monotonic increase in ratings of perceived roughness as the jitter was increased. Thus, vocal jitter represents a perceptually relevant form of aperiodicity that is strongly related to voice quality. Despite the development of suitable brain research techniques, human auditory physiological correlates of voice quality in general and vocal jitter, in particular, have not yet been investigated.
To date, one of the most viable techniques for studying cortical processing of speech sounds is multi-channel magnetoencephalography ͑MEG͒ which allows non-invasive measurements of cortically-induced magnetic fields ͓see Hämäläinen et al. ͑1993͒ for a review͔. With a temporal resolution in the order of milliseconds, MEG captures detailed information about brain activation elicited by auditory stimuli. Among the most prominent auditory cortical responses are the N1m response that peaks around 100 ms after sound onset ͑Näätänen and Picton, 1987͒ and the sustained field ͑SF͒ which builds in amplitude for up to 400 ms after stimulus onset during continuous auditory stimulation ͑Hari et al., 1980; Pantev et al., 1994 ; see also Picton et al., 1978a . An important characteristic of these two responses is their sensitivity to the acoustic features of sound stimuli in terms of response amplitude, latency, and source location which may be estimated with techniques such as equivalent current dipole ͑ECD͒ modeling. Therefore, N1m and SF responses provide useful indices for studying the auditory cortical dynamics of periodicity and speech processing.
Auditory MEG studies that have systematically varied the degree of stimulus periodicity ͑Krumbholz et al., 2003; Soeta et al., 2005; Gutschalk et al., 2007͒ may, potentially, be relevant for uncovering the brain dynamics involved in the processing of aperiodicities that result from abnormal phonation. Krumbholz et al. ͑2003͒ and Soeta et al. ͑2005͒ presented subjects with iterated rippled noise ͑IRN͒ stimuli, which were produced by delaying a noise, adding it back to the original, and iterating this delay-and-add process. Their results indicated a positive correlation between the amplitude of cortical transient responses and the degree of periodicity of the IRN stimuli. Similarly, Gutschalk et al. ͑2007͒ found a positive correlation between the degree of periodicity of click train stimuli and cortical transient and sustained responses. However, as only non-speech stimuli were used in these studies, the results might not be generalizable to the processing of human voice. Therefore, experiments with realistic speech stimuli with plausible amounts of F0 perturbation are needed in order to investigate the cortical basis of the perception of vocal jitter-induced roughness.
Initial MEG studies investigating the cortical sensitivity to speech sound periodicity were carried out by Alku et al. ͑2001͒, Tiitinen et al. ͑2005͒, and Yrttiaho et al. ͑2008͒ . Using semi-synthetic speech generation ͑SSG͒ ͑Alku et al., 1999͒, which is based on the source-filter model of speech production, it is possible to manipulate the glottal excitation source of the speech sounds independent of the filtering effect of the vocal tract transfer function. The abovementioned studies applied these techniques of speech generation in creating fully-controlled periodic and aperiodic speech sounds. Aperiodic reproductions of naturally-uttered vowels were produced by replacing the periodic glottal source with a random noise excitation while preserving the features of the spectrum envelope. It was found that the cortical N1m ͑Alku et al., 2001; Tiitinen et al., 2005; Yrttiaho et al., 2008͒ and SF ͑Yrttiaho et al., 2008͒ responses elicited by vowel stimuli were larger in amplitude for the periodic vowels than for their aperiodic counterparts. Similar results were also found by Hertrich et al. ͑2000͒ , who contrasted N1m responses to periodic and aperiodic artificial speechlike stimuli. These studies, thus, indicate that the human auditory cortex is sensitive to the periodicity of speech sounds. However, the vowel stimuli used in these investigations were categorically either periodic, as in healthy phonation, or aperiodic, as characterized by random noise excitation. No intermediate degrees of speech periodicity were used. Consequently, the question of whether auditory cortical responses are sensitive to more subtle reductions in the degree of speech periodicity that occur, for example, in dysphonic voices is left open.
The aim of the current study was to investigate whether auditory cortical activity reflects the degree of speech periodicity, quantified as vocal jitter, and its perceptual counterpart, the vocal quality of roughness. To this end, vowel stimuli along the periodic-aperiodic continuum were presented to human subjects during non-invasive MEG measurements. The periodicity of the vowel stimuli was varied in a controlled manner by either increasing the amount of vocal jitter or by replacing the periodic glottal excitation by an aperiodic random sequence. A realistic manipulation of the vocal jitter was accomplished with a separately modeled glottal source, vocal tract transfer function, and lip radiation components and by introducing the cycle-to-cycle perturbation at the level of the glottal source. The present univariate manipulation of stimulus periodicity in terms of vocal jitter is in principle analogous to that of Hillenbrand ͑1988͒ apart from the significant difference in the implementation level: Here the manipulations in periodicity are realized at the level of the voicing source, the glottal flow generated by the vocal folds, rather than at the level of the speech waveform where the characteristics of the source and the vocal tract filter are combined. Since the real source of aperiodicity in dysphonic speech is the abnormal fluctuation of the vocal folds, the present approach enables a highly justified means to investigate the auditory processes underlying the perception of aperiodic speech. In order to study the perceptual consequences of these manipulations, the vocal quality of the quasiperiodic speech stimuli was studied with a behavioral scaling experiment. Together the results were expected to reveal the relationships between the acoustic, cortical, and perceptual indices of vocal jitter.
II. METHODS

A. Subjects
Fifteen subjects ͑average age 25 years, standard deviation 6 years; 9 females͒ participated in the study with written informed consent. All subjects reported having normal hearing and being right-handed. The experiment was approved by the Ethical Committee of Helsinki University Central Hospital. During the experiment, the subjects, instructed not to pay attention to the auditory stimuli, concentrated on watching a silent video. The subjects were also instructed to avoid eye movements and blinks during MEG data acquisition.
B. Stimuli
In natural voice production, the periodic vocal fold vibration consists of two separate phases, the closed and the open phase. After the closed phase, the glottis typically starts to open gradually. As a result, the air flow through the vocal folds, the glottal flow pulse, starts to increase from the zero level toward the peak value which takes place when the vocal folds are maximally open ͓see Fig. 1͑A͔͒ . In the current vowel syntheses, vocal jitter was simulated by cycle-to-cycle manipulations in the period length of the stimuli. The objective was to generate these time-domain perturbations in a highly-controlled manner without causing artifactual changes in the shape of the glottal pulse during the open phase of the vocal fold vibration cycle when the flow is nonzero. Because any modifications of the pulse waveform during the open phase would result in artifacts such as high-frequency clicks or other changes in the pulse spectrum, the manipulations were strictly restricted to the closed phase of the vocal fold cycle when the amplitude of the flow is zero. Due to this restriction, it is impossible to generate realistic speech stimuli, having typical F0-values of 100 Hz, with local jitter values much more than approximately 15%. It is worth emphasizing that this is clearly a speech-specific issue and does not hold true for non-ecologic stimuli such as click trains whose periodic structure can be easily manipulated in any arbitrary manner. Therefore, in understanding the cortical basis of vocal jitter perception, the role of accurate modeling of the real voice production mechanism is very important as it enables reliable experimentation with speech sounds of plausible amounts of F0 perturbation.
The present stimuli were generated by manipulating the excitation source that was extracted by inverse filtering a vowel sound ͑/a/͒ uttered by a male Finnish speaker. New excitation waveforms were generated by concatenating copies of a representative glottal pulse that was estimated from the original glottal waveform. The starting values for the cycle lengths of the new sequences were derived from the original F0 history of the naturally-uttered vowel ͑mean F0 = 107 Hz͒. The cycle lengths of the new sequences were then manipulated by changing the length of the closed phase of each glottal pulse by a random number that was uniformly distributed between −R and R. R values of 8, 12, 20, and 40 samples were used in order to obtain four new glottal flow excitations of increasing jitter. In addition, an aperiodic excitation source was produced by generating a noise sequence from zero-mean random numbers of uniform distribution. The excitation waveforms, with matched overall spectral envelopes, were then passed back through the vocal tract filters that were extracted from naturally-uttered vowels /a/ and /e/. The vowel stimuli were easily identifiable despite the manipulations in their periodicity.
The jitter of the stimuli was calculated as the average difference between the cycle lengths of successive cycles and was divided by the average of all cycle lengths. The following percent jitter values were obtained: Ͻ1% ͑in the original utterance͒, 3% ͑R =8͒, 4% ͑R =12͒, 8% ͑R =20͒, and 13% ͑R =40͒. The amount of amplitude perturbation, shimmer, which might result from the glottal source manipulations, was inspected from the vowel speech waveforms. The obtained shimmer values ranged from 0.02 to 0.36 dB which are highly unlikely to contribute to the vocal roughness perception ͓cf. Hillenbrand ͑1988͒ where roughness ratings were unaffected by shimmer values Ͻ0.4 dB in the case of the uncorrelated amplitude sequences; the present aperiodic sequences were uncorrelated as well͔. The degree of periodicity of the vowel stimuli was inspected by calculating the rms magnitudes of the autocorrelation series derived from the stimulus waveforms. This analysis showed that the degree of periodicity decreased monotonically with increasing jitter for the quasi-periodic vowels and that the noise-excited stimuli had the smallest degree of periodicity.
In order to obtain raw material for the SSG synthesis of the present study, two sustained vowels, /a/ and /e/, produced by a male Finnish speaker were recorded in an anechoic chamber using a high-quality condenser microphone ͑Bruel&Kjaer 4188͒. Sounds were both recorded and further processed with a sampling frequency of 22 050 Hz and a resolution of 16 bits. The duration of the vowel stimuli was set to 400 ms and their onsets and offsets were smoothed with a 10-ms Hanning window. The stimuli were presented to both ears of the subjects at 75-dB͑A͒ sound pressure level with plastic tubes and earpieces, characterized by a 3-dB pass-band frequency response from 70 Hz to 4 kHz. The same audio equipment and experimental control software ͑PRESENTATION®, Neurobehavioral Systems, Inc.͒ were used for both behavioral and MEG experiments.
C. MEG data acquisition
Cortical activation elicited by the stimuli was registered with a 306-channel ͓Fig. 2͑A͔͒ whole-head MEG measurement device ͑Elekta Neuromag Oy, Finland͒ in a magnetically shielded room. The data were acquired with a recording bandwidth of 0.1-200 Hz and sampled at 600 Hz. Each of the 12 stimuli was presented in its own sequence in a Latinsquare design order. At the beginning of each stimulus sequence, the head position with respect to the sensor array was determined by using head position indicator coils attached to the subject's scalp, with the locations of the coils with respect to the left and right preauricular points and the nasion having been determined prior to the measurement. The stimuli were presented at an onset-to-onset rate of 1500 ms, and 150 artifact-free evoked responses per stimulus were averaged over a period of 700 ms including a 100-ms prestimulus baseline. The epoch rejection criteria for the MEG and the electro-oculography sensors were set to 3000 fT/cm and 150 V, respectively.
D. MEG data analysis
The MEG waveforms were baseline-corrected with respect to the 100-ms pre-stimulus interval and low-pass filtered at 20 Hz prior to MEG data analysis. The amplitudes of the N1m and the SF responses in both the left and the right hemisphere were investigated with vector sums from gradiometer channel pairs exhibiting maximum amplitude values. Latency analysis was restricted to the transient N1m responses because these ͑unlike SF responses͒ have welldefined peaks. The maximum amplitude points of the auditory N1m and SF were selected from the 85-150-and 300-400-ms post-stimulus latency ranges, respectively. Data from all 15 subjects indicated prominent N1m and SF responses in channels located over the auditory cortices and were thus included in the analysis of the response amplitudes and in the analysis of the N1m latency. The construction of a vector sum waveform from a pair of gradiometer waveforms is illustrated in Fig. 2͑B͒ .
The generator locations of the N1m and the SF responses were investigated with the ECD modeling technique in each hemisphere separately, with the assumption of a single dipole in a spherical volume conductor. The ECDs were fitted to the maximum amplitude points of the auditory N1m and SF, in the 85-150-and 300-400-ms post-stimulus latency ranges, respectively. The locations of the ECDs are reported in three dimensional coordinates where the x-, y-, and z-axes represent the lateral-medial, anterior-posterior, and superior-inferior dimensions, respectively. The head center is referenced by coordinates x =0, y = 0, and z = 40. Conditions with poor ECD fits were defined as dipoles with goodness-of-fit values Ͻ60%, anomalous locations, or orientations. Any poor ECD fits were considered missing values in the statistical analysis stage and led to subject rejection. The average goodness of fit of ECDs was over 85% for the ten ͑N1m response͒ and nine ͑SF response͒ subjects that were included in the statistical analyses. An example of ECD modeling results from the right-hemispheric sensor array is shown in Fig. 2͑C͒ .
E. Roughness rating experiment
The vocal quality of the dysphonic vowels created with SSG was studied with a perceptual scaling experiment, the aim of which was to investigate the relationship with vocal jitter and the perceived roughness of the vowel sounds. In this experiment, all the quasi-periodic vowel stimuli defined in Sec. II B were used. The vocal quality was assessed with an anchored perceptual scaling procedure where listeners assigned a numerical scale value to each test stimulus with the help of two reference ͑i.e., anchor͒ stimuli having the smallest ͑Ͻ1%͒ and the largest ͑13%͒ amount of vocal jitter in the current set of vowel stimuli. Each trial of the experiment consisted of three successive vowel stimuli with 400-ms silent periods between the stimuli. The first and the last stimulus were always the anchor stimuli, and the middle stimulus was selected randomly from the stimulus set as a test stimulus to be judged by the listener using a five-point rating scale. The smallest scale value ͑1͒ indicated the least amount of vocal roughness and the largest scale value ͑5͒ indicated the largest amount of perceived vocal roughness. Both vowels /a/ and /e/ were assessed, and the anchor stimuli used in each trial were always matched to the test stimuli with respect to vowel identity. Each test stimulus was repeated ten times. The subjects were allowed unlimited response time in each trial, and the roughness magnitude estimation judgments were entered with a computer keyboard.
F. Statistical analyses
The means of the MEG vector sum amplitudes and the ECD coordinates obtained from different stimulus conditions were compared with repeated measures analyses of variance ͑ANOVA͒. Mauchley sphericity tests were run in order to test the assumption of sphericity of data, and GreenhouseGeisser corrections on the degrees of freedom were made when the assumption of sphericity was violated. The amplitude data were analyzed with a responseϫ hemisphere ϫ vowelϫ periodicity ANOVA where "response" comprised response types N1m and SF, "hemisphere" comprised the left and the right hemisphere, "vowel" comprised vowels /a/ and /e/, and the levels of factor "periodicity" consisted of the five quasi-periodic conditions as well as the aperiodic condition. The N1m latencies calculated from the vector sums were analyzed with a hemisphereϫ vowelϫ periodicity ANOVA. Similar three-way ANOVAs were performed for the ECD locations separately for the N1m and the SF responses.
The perceptual scaling scores of vocal roughness were formed on the basis of average ratings over the stimulus repetitions. The relationship between the vocal jitter and the roughness perception scores was investigated with a vowel ϫ jitter ANOVA where the factor vowel was defined by the vowels /a/ and /e/ and the factor "jitter" consisted of the five vocal jitter values ͑Ͻ1%, 3%, 4%, 8%, and 13%͒.
Both the main and the interaction effects of the ANOVAs were investigated, and all statistically significant effects are reported. Newman-Keuls tests were used as a means of post-hoc analysis for pairwise differences in the data. The vector sum amplitudes, ECD coordinates, and perceptual scaling scores reported in Sec. III are mean values.
III. RESULTS
A. MEG experiment
Prominent N1m and SF responses were recorded in both cerebral hemispheres and were elicited by all the quasiperiodic and the aperiodic instances of the two vowels /a/ and /e/. Figure 3 shows grand-average vector sum waveforms from two pairs of MEG gradiometer sensors, the one yielding maximum response amplitudes over the left and the other over the right auditory cortex. The significant ANOVA results from MEG data are summarized in Table I .
The N1m responses were observed at the average latencies of 104 and 109 ms and with amplitudes of 54 and 60 fT/cm over the left and the right hemisphere, respectively. The SF responses reached their maxima at around 400 ms, with average amplitudes of 66 and 71 fT/cm in the left and the right hemisphere, respectively. The N1m and the SF amplitudes are shown in Fig. 4 . While the N1m latencies were unvarying across the stimulus conditions, the N1m and the SF amplitudes were highly affected by the manipulations in the vowel periodicity ͑F 2.1,29.5 = 21.23, p Ͻ 0.001͒. Post-hoc analyses for the aggregated values of the N1m and the SF responses of both hemispheres indicated that the amplitudes in the noise-excited aperiodic vowel condition ͑50.8 fT/cm͒ were reduced in comparison to the quasi-periodic conditions ͑60.0-68.1 fT/cm; p-values Ͻ0.001͒. Importantly, the amplitudes in the condition with the most severe vocal jitter of 13% ͑60.0 fT/cm͒ were reduced relative to the conditions with smaller vocal jitter values ͑64.1-68.1 fT/cm; p-values Ͻ0.05 for all comparisons except for the comparison with the 4% condition having a p-value Ͻ0.051͒.
The effect of periodicity manipulation on response amplitude differed somewhat between the N1m and the SF, as The N1m and the SF response amplitudes were reduced for the aperiodic condition relative to the quasi-periodic conditions ͑original and 3%-13% jittered vowels͒. For the quasi-periodic conditions, the N1m and the SF amplitudes remained approximately constant for jitter values up to 8% but declined for the 13% jitter condition. The amount of jitter in the quasiperiodic vowel conditions is indicated with the percentages on the left side of the response waveforms. The measurements from the original vowel condition ͑thin line͒ and the aperiodic noise-excited vowel condition ͑dotted line͒ are drawn as references for the waveforms of the quasi-periodic conditions ͑thick line͒ where the vowel jitter was 3%, 4%, 8%, or 13%. indicated by an interaction effect between response type and periodicity condition ͑F 2.9,40.7 = 4.11, p Ͻ 0.05͒. From Fig. 4 it can be seen that the largest drop in amplitude occurred in the case of N1m already in the 13% jitter condition whereas in the case of SF the largest reduction in response amplitude occurred in the aperiodic noise condition. Thus, the N1m amplitude was reduced to the level of the aperiodic condition already in the 13% condition. Accordingly, post-hoc analyses showed that the difference between the 13% jitter condition and the noise-excited vowel condition was significant only for the SF response but not for the N1m. The ECD locations of the recorded responses indicated activation in the temporal regions of both hemispheres, in the vicinity of the auditory cortical areas. As shown in Fig. 5 , the ECDs for the N1m response were on the average located at x-coordinates Ϫ52 and 54 mm and at z-coordinates 52 and 53 mm in the left and the right hemisphere, respectively. Interestingly, a periodicity-specific effect was revealed in the y-axis position of the N1m source as the source locations in the quasi-periodic conditions were located anterior to those obtained in the case of the noise-excited vowels ͑F 2.6,23.1 = 7.27, p Ͻ 0.001; post-hoc test p-values Ͻ0.001 for all comparisons between the aperiodic condition against the quasiperiodic conditions͒. In the case of the quasi-periodic and the aperiodic vowel stimuli, the ECDs were located at y-coordinates Ϫ4 and Ϫ7 mm in the left hemisphere and at 3 and 0 mm in the right hemisphere, respectively. The manipulations in vowel periodicity had no effect on the x-or z-coordinates of the ECDs. No significant differences in ECD locations were found among the quasi-periodic conditions.
The ECDs for the SF response were located at x-coordinates Ϫ48 and 49 mm, y-coordinates Ϫ2 and 7 mm, and z-coordinates 47 and 47 mm in the left and the right hemisphere, respectively. The periodicity condition did not affect the ECD coordinates of the SF response. The righthemispheric responses were generated anterior to their lefthemispheric counterparts in case of both the N1m ͑F 1,9 = 26.25, p Ͻ 0.01͒ and the SF ͑F 1,8 = 29.31, p Ͻ 0.01͒ responses.
B. Roughness rating experiment
In the perceptual roughness scaling experiment, the listeners' roughness ratings followed the amount of F0 perturbation in the vowel stimuli without excessive uncertainty ͑Fig. 6͒. The roughness scores increased monotonically as a function of vowel jitter ͑F 2.1,29.8 = 180.71, p Ͻ 0.001; post-hoc test p-values Ͻ0.001 for all pair-wise comparisons͒.
C. Correlations between cortical responses and roughness ratings
In order to investigate the relationship between the amplitudes of the cortical responses and the behavioral ratings of perceived roughness, the correlations between these two measures were evaluated. The correlation coefficients were calculated between the roughness ratings and the N1m and SF amplitudes, normalized subject wise. The coefficients between the N1m and the roughness rating were Ϫ0.23 and Ϫ0.34 in the left and the right hemisphere, respectively. The corresponding coefficients between the SF and the roughness score were Ϫ0.12 and Ϫ0.33. All these correlations were statistically significant, except for the correlation between The effect of periodicity manipulation on the N1m and the SF amplitudes in both hemispheres. The amplitudes were larger in quasi-periodic conditions relative to the aperiodic noise-excited vowel condition. Importantly, the amplitudes were reduced in the 13% jitter condition as compared with the conditions with smaller jitter values. The effect of periodicity manipulation was stronger for the SF than for the N1m responses. Responses for the two vowels, /a/ and /e/, were identical, and are therefore combined in the figure. The periodicity condition is expressed on the x-axis and the response amplitudes are indicated on the y-axis. The data are based on MEG responses of 15 subjects. Error bars represent standard error of the mean. The source locations were more anterior in the quasi-periodic conditions than in the aperiodic noise condition. Responses for the two vowels /a/ and /e/ were identical, and are therefore combined in the figure. The periodicity condition is indicated next to the data points and error bars represent standard error of the mean. The data are based on ECDs from ten subjects.
the roughness score and the left-hemispheric SF amplitude. Together this analysis shows that an increased roughness rating is related to a decreased amplitude of the cortical responses.
IV. DISCUSSION
In the current experiments, both cortical neuromagnetic responses and behavioral scaling scores to acoustically modeled dysphonic voice of varying periodic structure were studied. In the MEG measurements, the N1m and the SF responses, both sensitive to speech periodicity ͑Yrttiaho et al., 2008͒, were recorded. The largest difference in amplitude occurred between the responses elicited by the quasi-periodic and the aperiodic noise-excited speech sounds. Importantly, the amount of vocal jitter was reflected in the cortical responses: the N1m and SF amplitudes decreased when the random F0 perturbation of the vowel stimuli was increased to a jitter value of 13%. These dependencies of the auditory N1m and SF amplitudes on vocal jitter were observed for both of the two vowels, /a/ and /e/, used in the current study. The perceived rough vocal quality of the quasi-periodic vowels, measured with the behavioral rating experiment, was shown to increase as a function of vocal jitter. Thus, the present manipulations in vocal jitter of the vowel sounds, realized at the level of the glottal source excitation, successfully produced the rough perceptual quality associated with aperiodic abnormal phonation. Together, the present measurements reveal a significant relationship between the activation of auditory areas and the roughness perception of dysphonic speech sounds.
As the amplitudes of the currently recorded N1m and SF responses decreased in the face of both complete and partial reductions in vowel periodicity, it seems that vocal aperiodicity is represented in the auditory cortex with decreased neural activity in periodicity-sensitive cell populations. This interpretation fits well with the emerging picture of general cortical periodicity sensitivity in the domain of both speech ͑Alku et al., 2001; Tiitinen et al., 2005; Yrttiaho et al., 2008͒ and non-speech ͑e.g., Krumbholz et al., 2003; Soeta et al., 2005; Gutschalk et al., 2002 related auditory processing. According to this, periodic sounds lead to higher levels of activation than aperiodic sounds. Importantly, the current study fills in a significant gap in generalizing this previously observed periodicity-specificity of cortical responses to the field of aperiodic dysphonic voice quality, previously unexplored by human electrophysiology. However, it remains to be explored whether similar periodicity-sensitive cortical dynamics hold for different kinds of aperiodicities. For example, the current study utilized both noise-and jitter-based aperiodicities, which result in distinct perceptual qualities. Here, a larger reduction in cortical response amplitude was observed in the case of noise excitation than in the case of jitter. While this difference is most likely due to the larger random aperiodicity in the noise-excited vowels, the possible additional contribution of the type of aperiodicity ͑noise versus jitter͒ cannot be ruled out. To this end, further experiments are needed in which stimuli with different types of aperiodicities are varied along a general index of the degree of periodicity such as autocorrelation.
In the current study, the effects of two different vowel aperiodicities on the cortical transient and the sustained responses were investigated. Relative to the condition of healthy phonation, both 13% jitter and noise excitation resulted in decreased amplitudes of the N1m and SF responses. However, the amount of amplitude decrement differed between the N1m and SF. Namely, the SF was relatively more affected by the noise excitation whereas the N1m was approximately equally affected by jitter and noise excitation. Thus, the SF appears to be more vulnerable to noise aperiodicity than the N1m, and the N1m is more vulnerable to vocal jitter than the SF.
The larger reduction in SF than in N1m responses in the case of aperiodic noise-excited speech sounds, as compared to the periodic conditions, was also observed in Yrttiaho et al. ͑2008͒ . A plausible explanation for this difference might be found in the mixture of activation in sound onsetsensitive and periodicity-sensitive cell populations ͑see Gutschalk et al., 2004; Schönwiesner and Zatorre, 2008͒: as activity generated by onset-selective cells may be relatively smaller in the SF than in the N1m, the SF is more dependent on sound periodicity than the N1m where the activity of onset-sensitive and periodicity-sensitive sources is presumably combined. Some evidence for the smaller onsetdependency of SF as opposed to that of the initial transient N1m response may be found in Mäkinen et al. ͑2004͒ where the amplitude of the transient response appears to vary with the rise-time of the auditory stimulus while the SF remains roughly constant across different stimulus rise-times. Unfortunately, as the focus of Mäkinen et al. ͑2004͒ was response timing, precise amplitude analyses were not reported.
The reverse case of greater vulnerability of the N1m to vocal jitter relative to the SF resembles the results of Gutschalk et al. ͑2007͒ who found that increases in the aperiodicity of click-trains affected the transient responses more than the sustained responses. This effect could in principle be explained by the differing durations of periodicity information that can be accumulated up to the peak level of these responses. Increasing stimulus duration enhances the N1 only up to 50 ms ͑Näätänen and Picton, 1987͒, whereas the SF reaches its maximum at 400 ms of continued stimulation. Therefore, the N1m is elicited upon less periodicity information than the SF, whose generators may be able to extract periodicity information over a longer time window and therefore may be able to detect this periodicity even when it is partially corrupted by vocal jitter. Taken together, the current results tentatively suggest that cortical coding of stimulus periodicity could vary along the time axis of neural activity as revealed by the N1m and the SF responses. However, further experiments are needed to adequately test the explanations suggested here.
Vowel periodicity was also reflected in the ECD location of the N1m response. As in the previous studies investigating cortical responses to speech sound periodicity ͑Alku et al., 2001; Tiitinen et al., 2005; Yrttiaho et al., 2008͒ , the ECDs of the N1m in the quasi-periodic conditions ͑comprising here the original and the jitter-manipulated vowels͒ were located anterior to those obtained in the aperiodic noise-excited conditions. By using depth electrode recordings in a human patient, Schönwiesner and Zatorre ͑2008͒ provided direct evidence for the existence of a periodicity-sensitive area close to the lateral tip of Heschl's gyrus and which has previously been suggested by both MEG ͑Krumbholz et al., 2003; Gutschalk et al., 2004͒ and functional magnetic resonance imaging ͑Griffiths et al., 1998; Patterson et al., 2002; Penagos et al., 2004͒ results . A plausible explanation for the location difference between the N1m recorded in the aperiodic and quasi-periodic vowel conditions of the current study may therefore be based on selective activation of the periodicitysensitive source by the quasi-periodic but not by the aperiodic vowels. Interestingly, all the quasi-periodic vowels elicited N1m responses which had sources anterior to the source of the N1m to the aperiodic vowel. Consistent with the explanation based on a periodicity-specific generator, the quasiperiodic vowels were perhaps still sufficiently periodic to activate the brain region͑s͒ specialized in the processing of auditory periodicity. In contrast to the N1m source location effect, no such difference in the ECD locations of the SF responses arising out of vowel periodicity manipulations was observed here. This absence of an ECD location difference between periodic and aperiodic conditions also runs contrary to the previous studies using speech ͑Yrttiaho et al., 2008͒ and non-speech sounds ͑Gutschalk et al., 2002 which report that the SF source location is sensitive to sound periodicity. It should, however, be noted that the SF responses recorded in the aperiodic condition of the current experiment were substantially reduced in amplitude relative to those recorded in the quasi-periodic conditions. This reduction in the signal-to-noise ratios in the neuromagnetic responses may have rendered the previously observed location differences undetectable in the current data.
In the present behavioral measures of perceived vocal quality, two basic effects were observed. First, the roughness ratings increased as a function of vocal jitter in the stimuli.
Second, the rate of this increase diminished when the vocal jitter was increased. In these two respects, the current roughness scaling results were similar to those of Wendahl ͑1966͒, who used saw-tooth analogs of vowel sounds, and of Hillenbrand ͑1988͒, who used synthetic vowels. The current results, however, differ from the findings of Hillenbrand ͑1988͒ where the roughness ratings saturated already at jitter values of 2%. In contrast, the currently obtained roughness curve reached a deceleration point at jitter values of 8%-13%, which is near the corresponding threshold value of 6%-10% of Wendahl ͑1966͒. These discrepancies may be explained by both task-and stimulus-related factors. The most significant task-related difference between the studies was that listeners in the Hillenbrand ͑1988͒ study rated vowels without external references, whereas, in the current study, two reference stimuli were presented to the listeners for each test vowel to be rated. In this respect, the procedure used by Wendahl ͑1966͒ was in principle similar to the current rating task, as the roughness estimates were derived from pair-wise comparisons of the stimuli. According to Kreiman et al. ͑2007͒ , the rating performance is significantly facilitated by providing a reference stimulus to the listener. Therefore, the earlier deceleration in roughness scores observed in Hillenbrand ͑1988͒ as compared to Wendahl ͑1966͒ and the current results may arise from the increased listener uncertainty related to the use of an implicit standard as opposed to an external reference stimulus. The saw-tooth stimuli used by Wendahl ͑1966͒ were obviously different from the synthetic speech sounds used in the current experiments as well as from those used by Hillenbrand ͑1988͒. The manipulation of vocal jitter also differed between the approach based on the manipulation of the speech waveform used by Hillenbrand ͑1988͒ and the current semi-synthetic approach which enabled the vocal jitter manipulations at the level of the glottal source. Finally, earphones were used in the current study whereas Hillenbrand ͑1988͒ used loudspeakers which, as he noted, may make the stimuli sound rougher and thus shift the roughness curve toward the smaller jitter values.
Given that the roughness perception and the listener rating behavior may vary considerably between studies using different rating tasks and stimuli, the perceptual evaluation of the vocal aperiodicity of the speech stimuli is critical for the inferences to be made concerning the cortical basis of roughness perception. If the relationship between cortical responses and the stimulus jitter parameter is not paralleled by perceptual measures, the observed jitter-dependent cortical dynamics are unlikely to reflect the perception of vocal roughness quality. Therefore, in addition to cortical measurements, a simultaneous demonstration that the same manipulations in the jitter of vowel stimuli result in increased roughness of the perceived vocal quality is needed. In the current study, the manipulations of vocal jitter were, indeed, shown to affect both the perception of vocal roughness and the cortical responses. Furthermore, the roughness ratings were shown to be negatively correlated with the normalized amplitudes of the cortical responses of individual subjects. This parallel relationship between vocal jitter, roughness sensa-tion, and N1m and SF amplitude reduction suggests a role for the generators of these auditory evoked responses in the cortical basis of roughness perception.
The current study represents an initial investigation of the representation of dysphonic vocal quality in the human brain by providing both cortical and behavioral measures of aperiodic F0 perturbation of speech sounds. The results suggest that the vocal quality of roughness is represented in the auditory cortex by reduced activation of periodicity-sensitive populations which contribute to the generation of the N1m and the SF responses. The initial success in applying MEG to study the cortical processing of F0 perturbation is encouraging and paves the way for further investigations into the link between the physiology of the human auditory system and the perception of voice quality.
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